ABSTRACT: A highly selective and robust catalyst based on Pt nanoclusters (NCs) confined inside the cavities of an aminofunctionalized Zr-terephthalate metal−organic framework (MOF), UiO-66-NH 2 was developed. The Pt NCs are monodisperse and confined in the cavities of UiO-66-NH 2 even at 10.7 wt % Pt loading. This confinement was further confirmed by comparing the catalytic performance of Pt NCs confined inside and supported on the external surface of the MOF in the hydrogenation of ethylene, 1-hexene, and 1,3-cyclooctadiene. The benefit of confining Pt NCs inside UiO-66-NH 2 was also demonstrated by evaluating their performance in the chemoselective hydrogenation of cinnamaldehyde. We found that both high selectivity to cinnamyl alcohol and high conversion of cinnamaldehyde can be achieved using the MOF-confined Pt nanocluster catalyst, while we could not achieve high cinnamyl alcohol selectivity on Pt NCs supported on the external surface of the MOF. The catalyst can be recycled ten times without any loss in its activity and selectivity. To confirm the stability of the recycled catalysts, we conducted kinetic studies for the first 20 h of reaction during four recycle runs on the catalyst. Both the conversion and selectivity are almost overlapping for the four runs, which indicates the catalyst is very stable under the employed reaction conditions.
INTRODUCTION
Supported metal catalysts are one of the most important classes of heterogeneous catalysts. The active phase, often a transition metal, is dispersed over a support to maximize its surface area and prevent sintering during high-temperature reactions. Minimizing the usage of transition metals, especially precious metals, has been a major research direction in catalyst discovery and optimization. Nanoparticles (NPs) have been a major research focus in heterogeneous catalysis due to their high surface to volume ratio, and thus large surface areas exposed to reactants. Further reduction of the size of metal particles to the nanocluster level (diameter <2 nm) in catalysis is even more attractive because metal nanoclusters (NCs) composed of fewer than 100 atoms exhibit novel properties that differ greatly from those predicted by simple scaling laws. 1, 2 Pd NCs of precisely controlled sizes (Pd n , for n = 1, 2, 4, 7, 10, 16, 20, and 25) that were deposited on rutile TiO 2 (110) showed a strong size effect on their catalytic activity in CO oxidation. 3 The activity of these Pd NCs of different sizes was found to correlate exactly with the position of their X-ray photoelectron spectroscopy (XPS) peaks, which indicates that the valence electronic structure of these NCs controls their catalytic activity. We seek to synthesize confined monodisperse metal NCs inside the cavities of metal−organic frameworks (MOFs) to achieve desired catalytic properties.
MOFs have attracted tremendous research interest and a wide spectrum of applications have been demonstrated in gas storage and separation, carbon dioxide capture, guest dependent luminescence, and catalysis. 4−11 Heterogeneous catalysis using MOF-supported small metal NPs or NCs has attracted increasing research attention because the nanopores of MOFs can not only serve as templates for synthesizing monodisperse metal NPs/NCs but also provide well-defined microenvironments that could induce selectivity control on the encapsulated NPs/NCs in catalytic reactions. The loading of metal NPs/NCs into MOFs was first realized by chemical vapor deposition using volatile organometallic precursors in the gas phase. 12, 13 More recently, by loading metal precursors in solution, Ag, Au, Ni, Pd, Ru, or Pt NPs and NCs of 1.4−10 nm in diameter have been prepared in various MOFs. 14−23 However, it is extremely difficult to achieve complete encapsulation of NPs/NCs inside MOFs. 24−26 Fully encapsulating NPs/NCs inside the cavities of MOFs is critical for making monodisperse metal NPs/NCs and demonstrating the benefit of using MOFs as the catalyst support. Typically, the NPs/NCs formed on MOFs have a broad size distribution and a substantial number of particles are larger than the diameter of the channels or the cavities inside the MOFs. These large metal particles are most likely supported on the external surface of the MOFs and do not fully experience the microenvironments provided by the cavities of MOFs, which complicates the catalyst system and makes it difficult to study the origin of enhanced activity or selectivity on catalysts based on MOF-supported NPs/NCs.
There are only few reports that show limited success in entrapping metal NPs/NCs inside the cavities of MOFs. Using chemical vapor deposition, Fischer and co-workers demonstrated that Au NCs that were confined in the cavities of ZIF-90 (1.2−1.3 nm) could be synthesized at a loading of 30 wt %. 24 However, many particles with diameters larger than 2 nm are still present in the sample. Kim and co-workers successfully prepared Ni NPs embedded inside a mesoporous MOF (MesoMOF-1) using gas-phase loading and subsequent reduction. 27 Unfortunately, TEM images did not show any obvious NPs. Using the wetness impregnation method, Latroche group used MIL-100(Al) as a host to synthesize Pd nanoparticles (most of them around 2.0 nm) embedded within the pores of the MOF. 28 Recently, Xu and co-workers synthesized Pt NPs and NCs inside the pores of MIL-101 without observing any aggregation of Pt particles on the external surfaces of the framework by using a "double solvents" method. 25 Nevertheless, the formed Pt particles have a size distribution of 1.2−3 nm in diameter, and the loading of the Pt is also relatively low (5 wt %). Here we used a MOF with small cavities, UiO-66-NH 2 , as the scaffold and synthesized NCs that were confined in their cavities.
UiO-66 is built up from [Zr 6 O 4 (OH) 4 (CO 2 ) 12 ] clusters linked with 1,4-benzenedicarboxylic acid. 29 It leads to an overall porous cubic architecture. The framework itself comprises tetrahedral and octahedral cages, in a 2:1 ratio, of free dimensions close to 7.5 and 12 Å, respectively. Access to the cages is provided by narrow triangular windows with a free diameter close to 6 Å. UiO-66 and its amino functionalized isostructure UiO-66-NH 2 show great potential for many applications due to their good thermal stability, resistance toward atmospheric moisture, and large accessible pore volume. The large pore volume of UiO-66-NH 2 is appropriate for the loading of metal precursors. Moreover, the amine groups on terephthalic acid linkers in UiO-66-NH 2 could provide coordination sites for metal ions.
Using UiO-66-NH 2 as the template and support, we synthesized Pt NCs confined inside its cavities. The Pt NCs are monodisperse and confined in the cavities of the MOF even at 10.7 wt % Pt loading. After confirming that these Pt NCs are confined inside the cavities of the MOF, we tested their performance in the hydrogenation of cinnamaldehyde. We found that both high chemoselectivity to cinnamyl alcohol and high conversion of cinnamaldehyde can be achieved using the MOF-confined Pt nanocluster catalyst. The catalyst has been recycled ten times without any loss in its activity and selectivity.
EXPERIMENTAL SECTION
2.1. Materials and Synthesis. Synthesis of UiO-66 and UiO-66-NH 2 . UiO-66 and UiO-66-NH 2 were synthesized using the reported procedure. 29 All syntheses of the Zr-based metal− organic frameworks were performed in 480 mL Teflon PFA wide mouth jars. ZrCl 4 (0.48 g, 2.058 mmol; 98%, Acros Organics) was dissolved in 120 mL of N,N′-dimethylformamide (DMF; ACS grade, Macron) by using sonication for about 5 min. The linker was added to the clear solution in an equimolar ratio with regard to ZrCl 4 (0.342 g, 2.058 mmol terephthalic acid (98%, Sigma-Aldrich) for UiO-66; 0.372 g, 2.058 mmol 2-aminoterephthalic acid (>99%, Sigma-Aldrich) for UiO-66-NH 2 ) and dissolved by sonication for about 5 min. When preparing UiO-66-NH 2 , water (0.15 mL, 8.232 mmol) was added to the solution, which is essential to get the well-ordered material. 30 The tightly capped jars were kept in an oven at 120°C under static conditions. After 24 h, the solutions were cooled to room temperature and the precipitates were isolated by centrifugation. The solids were washed with 40 mL of DMF three times and followed by washing with 40 mL of methanol three times. During each wash, the MOF suspension was kept at room temperature for 24 h before being centrifuged. The solvent was decanted. Finally, the solids were dried at 150°C under vacuum. 31 with a slight modification. NaOH (100 mg; EMD) and polyvinylpyrrolidone (PVP, MW ≈ 40 000, 214 mg; Sigma-Aldrich) were dissolved in 5.0 mL of ethylene glycol (Fisher Scientific), and then this solution was added to another 5 mL of ethylene glycol solution containing H 2 PtCl 6 ·6H 2 O (79 mg; Strem Chemicals, 99.9%) in a 50 mL round-bottom flask. Under N 2 atmosphere using a balloon, this combined solution was heated at 160°C for 3 h with magnetic stirring.
To purify the Pt NCs, 27 mL of acetone was used to precipitate Pt NCs from 3 mL of original synthesis solution. After centrifugation at 6000 rpm for 10 min, the supernatant was discarded. The precipitates were redispersed in 6 mL ethanol and precipitated again by adding 24 mL hexanes. The supernatant was discarded after centrifugation at 6000 rpm for 10 min. The precipitate was further washed with ethanol and nhexanes four more times to remove solvent and capping agent. The final precipitate was redispersed in 10 mL of ethanol by sonication.
To load 1.7 nm Pt NCs onto UiO-66-NH 2 , an appropriate amount of UiO-66-NH 2 (90 mg) was weighed, and dispersed in 25 mL of ethanol by sonication. Then the Pt nanocluster solution was added dropwise to UiO-66-NH 2 solution under vigorous magnetic stirring. The stirring was continued for another 30 min after the addition of Pt NCs. Excess ethanol was removed by rotary evaporation at 40°C. The final sample was obtained after drying at 60°C for 4 h under a vacuum.
Synthesis of 2.9 nm Pt Supported on the Surface of Silica Spheres. The sample was prepared according to our previously published procedure. 32 Briefly, monodisperse 2.9 nm Pt NPs were synthesized by reducing H 2 PtCl 6 ·6H 2 O (98.2 mg; Strem Chemicals, 99.9%) at 100°C in methanol−water mixture solution (360 mL: 40 mL), in the presence of PVP (polyvinylpyrrolidone, MW ≈ 29 000, Sigma-Aldrich; 266 mg). Monodisperse SiO 2 spheres with an average particle size of 180 nm were synthesized by a modified Stober method. Typically, 75 mL of ethanol, 10 mL of deionized water, and 3.15 mL of ammonium hydroxide (28%; EMD) were mixed and heated to 45°C. 6.0 mL of tetraethyl orthosilicate (TEOS; 98%, Sigma-Aldrich) was injected into the above mixture solution. The solution was further stirred for another 2 h. Silica spheres were obtained after washing with ethanol several times. An −NH 2 group was grafted onto silica sphere surface, after heating the mixture solution comprising of 1.0 g of SiO 2 , 200 μL of aminopropyltriethoxysilane (99%, Alfa Aesar), and 200 mL of isopropyl alcohol, to 80°C for 2 h. After the mixture was washed with ethanol several times, the products were dispersed in ethanol. An appropriate amount of 2.9 nm Pt NPs solution was then added to the above amine-functionalized silica sphere solution under vigorous stirring. The final 2.9 nm Pt/SiO 2 sample was obtained after washing with ethanol several times and dried.
2.2. Instrumentation. The BET surface area measurements were performed with N 2 adsorption/desorption isotherms at −196°C on a Micromeritics ASAP 2020 instrument. Before the analysis, the samples were evacuated at 150°C until pressure reached 5 μmHg. Powder X-ray diffraction patterns of the samples were obtained by a STOE Stadi P powder diffractometer using Cu Kα radiation (40 kV, 40 mA, λ = 0.1541 nm). The transmission electron microscopy (TEM) and high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images were recorded on a Tecnai G 2 F20 electron microscope operated at 200 kV. Energy-dispersive X-ray (EDX, Oxford INCA) spectra were collected at a 15°tilt on the same instrument. Transmissionmode Fourier transform infrared (FTIR) spectra were measured within the 4000−400 cm −1 wavenumber range using a Bruker IFS66V IR spectrophotometer with the KBr pellet technique. To minimize the influence of water, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements were performed using an Agilent Cary 670 FTIR equipped with a linearized MCT detector, a Harrick diffuse reflectance accessory, and a Praying Mantis high temperature reaction chamber. A pure MOF sample was packed in the sample cup, followed by a degassing process under 60 mL/min He (Matheson Tri-Gas, 99.999%) flow at 150°C for 1 h. After the sample was cooled down to room temperature, the spectra were recorded at 1 cm −1 resolution within 4000−700 cm
. Kubelka−Munk correction was applied to generate the spectra for quantitative analysis. Platinum content in UiO-66 and UiO-66-NH 2 were determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES, Perkin-Elmer 2100).
2.3. Catalysis. Gas Phase Olefin Hydrogenation. The hydrogenation of three olefin molecules of different sizes (C 2 H 4 , 1-hexene, 1,3-cyclooctadiene) was carried out in a fritted quartz U-tube reactor. Typically, 2.5 mg of catalyst was weighed and mixed with 250 mg of quartz sand. No detectable conversion was observed on pure quartz sand in the hydrogenation of ethylene. An electric furnace connected with a digital temperature controller was used to heat the quartz U-tube reactor above room temperature. A cooling pump was used when the reaction was carried out at temperatures below 20°C.
Before reaction, the catalyst was reduced with flowing H 2 /He (5/45 mL/min) at 200°C for 1 hour. For the hydrogenation of ethylene, the reaction gases are composed of 77 mL/min He(99.999%, Matheson Tri-Gas), 1.2 mL/min C 2 H 4 (99.9%, Praxair), and 12 mL/min H 2 (99.999%, Linweld) at 1 atm. For the hydrogenation of 1-hexene, the reactant was introduced by passing He through a bubbler containing 1-hexene (98%, Alfa Aesar). The bubbler was flushed with He flow (10.3 mL/min) for at least 2 h before catalytic testing. The reaction gases are composed of 77 mL/min balance He, 10 mL/min He through bubbler (19 Torr 1-hexene), and 11 mL/min H 2 at 1 atm. The hydrogenation of 1,3-cyclooctadiene (COD) was carried out using the same method as 1-hexene. The reaction gases are composed of 52.2 mL/min balance He, 22.6 mL/min He through bubbler containing 1.3 Torr COD (98%, SigmaAldrich), and 12 mL/min H 2 at 1 atm. The reaction products were monitored by a HP 5890 gas chromatograph equipped with appropriate capillary columns (C 2 H 4 hydrogenation: HP PLOT Q, 30 m × 0.25 mm × 0.25 μm; 1-hexene and COD hydrogenation: DB-1, 30 m × 0.32 mm × 0.25 μm) and a flame ionization detector. The catalytic activity was obtained when a steady state was observed.
Liquid Phase Cinnamaldehyde Hydrogenation. The hydrogenation of cinnamaldehyde was carried out in a 22 mL Parr 4740 High Pressure/High Temperature Pressure Vessel. In a typical experiment, 5 mg of reduced catalyst was added into a glass liner inserted in the autoclave and 10 mL of methanol was added as the solvent. Then the autoclave was sealed and flushed four times with 40 bar H 2 (99.995%). The catalyst was activated under 40 bar H 2 at 80°C for 12 h with magnetic stirring at 800 rpm. After the solution cooled to room temperature, 1 mL of triethylamine (99%, Acros Organics), 400 μL of trans-cinnamaldehyde (98%, Alfa Aesar), and 20 μL of mesitylene (internal standard; 99%, Acros Organics) were added. The hydrogenation experiment was carried out under 40 bar H 2 at room temperature with magnetic stirring at 800 rpm. The products were analyzed on a HP 5890 gas chromatograph equipped with a HP-5 capillary column (30 m × 0.32 mm × 0.25 μm) with a flame ionization detector and SHIMADZU 5050A GC-MS equipped with a HP-5ms capillary column (30 m × 0.32 mm × 0.25 μm). The response factors of each component were determined with standard samples and were used to calculate the conversion and selectivity.
RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. After loading Pt ions into UiO-66-NH 2 and UiO-66, we used ICP-AES to measure the actual Pt loading. For UiO-66, only 0.2 wt % Pt was detected, when we tried to load 1 wt % Pt on the MOF. The majority of Pt precursor was lost during the washing steps. For UiO-66-NH 2 , we could achieve 0.97, 3.3, 10.7, and 14.4 wt % Pt loading (named as 0.97, 3.3, 10.7, and 14.4%Pt@UiO-66-NH 2 ) when we added Pt precursors containing 1.0, 5.0, 20, and 40 wt % Pt relative to the MOF. These results suggest the amine functional groups in UiO-66-NH 2 could strongly favor the loading of metal nanoparticle as reported in other MOFs. 33−35 This observation is also similar to the synthesis and encapsulation of metal NPs/NCs inside the poly(amido amine) (PAMAM) dendrimers. In PAMAM dendrimer, the interaction between metal precursors and the internal amino groups of the dendrimer is believed to be the main reason for the loading of metal inside the dendrimer.
36−38
The interaction of Pt precursors with the −NH 2 groups of UiO-66-NH 2 was further confirmed by FT-IR spectroscopy. As shown by the FT-IR spectra in Figure 1 , the peaks at 1250 cm
have obvious intensity changes as we increase the Pt loading in UiO-66-NH 2 . Because the 1250 cm −1 peak does not show on the UiO-66 spectrum, it must relate to the vibration modes induced by the −NH 2 group. The peaks at 1250 cm −1 can be attributed to the C−NH 2 stretching vibrations. 39 Another two peaks at 1620 and 1080 cm −1 also have observable intensity changes as we increase the Pt loading. The peaks at 1620 and 1080 cm −1 can be attributed to the −NH 2 scissoring and rocking vibrations, respectively. 39 Moreover, as shown in Figure  S1 (Supporting Information), the intensities of both N−H asymmetric stretching vibration peak (3521 cm ) decrease significantly with the rise in Pt loading, along with red shifts to 3518 and 3512 cm −1 for the former one, and 3404 and 3396 cm −1 for the latter one. 40 The intensity changes and position shifts of these peaks with the different loadings of K 2 PtCl 4 precursor strongly suggest the interaction of −NH 2 groups with Pt ions. This interaction is the main reason for the easy loading of Pt ions into UiO-66-NH 2 .
Electron microscopy was used to confirm that the Pt particles formed inside UiO-66-NH 2 are extremely small. Figure 2a ,b shows the TEM and HAADF-STEM images of 0.97%Pt@UiO-66-NH 2 , respectively. Both the TEM and HAADF-STEM images clearly show that the platinum NCs are formed inside UiO-66-NH 2 after loading K 2 PtCl 4 and reducing with 10% H 2 / Ar at 200°C. To further confirm that those bright spots in the HAADF-STEM are Pt NCs, we used EDX spectroscopy to measure the elemental distribution of a selected area with and without including a bright spot ( Figure S2 , Supporting Information). When we selected an area with a bright spot (area 2 in Figure S2 , Supporting Information), a peak at ∼9.4 keV is clearly observed, corresponding to Pt. The peak at 2.0 keV cannot be used to prove the presence of Pt because Zr from UiO-66-NH 2 also has a peak at the same position.
By measuring more than 300 Pt NCs from the TEM images, we get a mean diameter of 1.2 ± 0.2 nm. The size distribution of Pt NCs is very narrow, as shown by the histograms (Figure  2c,d ) of measured NC diameters from TEM and HAADF-STEM images. Compared to previous reports on NPs/NCs supported on MOFs, 24 these TEM images showed no big particles. These TEM images and the size distribution of Pt NCs indicate that most of the Pt particles in 0.97%Pt@UiO-66-NH 2 are confined in the cages of UiO-66-NH 2 because the mean diameter of Pt particles (1.2 ± 0.2 nm) matches the diameters of the octahedral cage in UiO-66-NH 2 . However, we cannot exclude the presence of smaller Pt NCs in the tetrahedral cavities of the MOF (7.5 Å) that are too small for clear observation by TEM.
More surprisingly, when we increased the Pt loading on UiO-66-NH 2 from 0.97 to 10.7 wt %, we only observed ultrasmall and monodisperse Pt NCs after reduction, as shown in Figure  3a ,b. The mean diameter of these Pt NCs is 1.16 ± 0.16 nm, calculated by counting more than 300 particles. The size distribution histograms of Pt nanocluster are shown by Figure  3c ,d. To the best of our knowledge, there has been no report that could achieve this high metal nanocluster loading inside MOFs and maintain a monodisperse size close to the cavity diameter of MOFs using a simple impregnation method. Additional tilting experiments were carried out to determine whether the Pt nanoclusters are located inside the MOF. As shown in Figure S3 (Supporting Information), a series of TEM pictures were taken under various tilting angles from −35°to +12°. No Pt particles were observed bulging out from the edge of the MOF during the whole tilting process, confirming that the majority of the Pt nanoclusters are located inside the MOF. We were able to track several Pt NCs during the whole tilting experiment, as indicated by the blue arrows. More interestingly, we found one big Pt particle separated into two smaller ones during the tilting experiment, as indicated by the green arrows in Figure S3 (Supporting Information), which indicated that some of the Pt NCs with measured diameters larger than the cavities of UiO-66-NH 2 could be caused by the overlapping of the projections of multiple small NCs in the two-dimensional TEM image.
After loading of Pt into UiO-66 and UiO-66-NH 2 , we used powder X-ray diffraction (XRD) to test if the Pt loaded UiO-66 and UiO-66-NH 2 still preserved their crystal structure. The XRD patterns of the as-synthesized UiO-66 and UiO-66-NH 2 (b and c in Figure 4 ) matched well with the simulated XRD patterns (a in Figure 4 ). After the loading and reducing of K 2 PtCl 4 , there is no apparent loss of MOF crystallinity in XRD patterns (d, e, and f in Figure 4 ), indicating that both UiO-66 and UiO-66-NH 2 are very stable during the loading of the metal precursor in water and the reduction treatment under 10% H 2 /Ar atmosphere at 200°C for 1 h. From XRD patterns d and e in Figure 4 , we did not observe any XRD peaks corresponding to fcc Pt for the reduced 0.6%Pt@UiO-66 and 3.6%Pt@UiO-66-NH 2 , which indicates that the Pt particles formed after reduction are extremely small. Even for 10.7%Pt@
UiO-66-NH 2 with Pt loading of 10.7 wt %, we still did not observe any diffraction peak from large Pt NPs (f in Figure 4) .
It is worth pointing out that UiO-66-NH 2 is very stable under electron beam irradiation during electron microscopy measurements. The crystal structure of many MOFs, such as HKUST-1 and MIL-68(In), is easily destroyed by electron beam irradiation inside a TEM chamber. 41 With carefully reduced electron doses, Turner et al. were able to record TEM images on metal loaded MOF-5 without severe damage to its structure. 42 We found that Pt@UiO-66-NH 2 is very stable under electron beam irradiation. We did not observe any change in the size and distribution of metal NCs, as well as the morphology of UiO-66-NH 2 during our TEM measurements.
We used N 2 physisorption to measure the surface area of UiO-66-NH 2 before and after loading Pt NCs. Figure S4 (Supporting Information) shows the N 2 adsorption−desorption isotherm profiles of UiO-66-NH 2 , 0.97%Pt@UiO-66-NH 2 , and 10.7%Pt@UiO-66-NH 2 . All adsorption−desorption isotherms show a type I shape, a characteristic of microporous materials. As shown in . This small decrease in the surface area of 0.2% Pt@UiO-66 compared to UiO-66 ( Figure S5 , Supporting Information) is attributed to the low loading of Pt.
A temperature dependent powder XRD study on UiO-66-NH 2 reported that the MOF started losing its framework structure at 290°C and completely decomposed at 410°C in air. 44 To evaluate the framework stability of the Pt loaded UiO-66-NH 2 after reduction, we measured the Powder XRD patterns of 10.7%Pt@UiO-66-NH 2 with 10% H 2 /Ar at different temperatures as shown in Figure 5 . After reduction of 10.7% Pt@UiO-66-NH 2 at 200°C and below for 1 h, we did not observe any change on the Powder XRD patterns. After reduction at 250°C, most of the Powder XRD peaks are still present, but their intensity drops, which indicates that the MOF starts losing its framework structure. This temperature is lower than the 290°C observed for UiO-66-NH 2 , which suggests that 10.7%Pt@UiO-66-NH 2 has low thermal stability under a reducing environment. After reduction at 300°C, all diffraction peaks corresponding to the UiO-66-NH 2 framework disappear, indicating complete destruction of the framework under this condition. Meanwhile, a broad diffraction peak at ∼39.5°a
ppears, which can be attributed to the formation of small Pt NPs. A similar trend was also observed on 3.6%Pt@UiO-66-NH 2 ( Figure S7 , Supporting Information). 3.2. Hydrogenation of Ethylene, 1-Hexene, and 1,3-Cyclooctadiene. As Corma and his co-workers have pointed out, it is necessary for researchers to demonstrate the importance of having nanoparticles confined inside MOFs. 10 A prerequisite for this demonstration is to confirm that the NCs synthesized in MOFs are truly confined inside their cavities. Our tilting TEM measurements ( Figure S3 ) strongly suggest that these Pt NCs are confined inside the cavities of UiO-66-NH 2 . Here, we further prove that the Pt NCs are indeed confined inside the cavities of UiO-66-NH 2 by using 10.7%Pt@UiO-66-NH 2 as the catalyst for the hydrogenation of three model molecules (ethylene, 1-hexene and 1,3-cyclooctadiene) with different sizes. As a comparison, we also tested the catalytic activity of Pt NCs loaded on the surface of silica support.
As shown in Figure 6 , Pt@UiO-66-NH 2 catalyst shows 19.6% conversion of ethylene at −30°C. As a comparison, we prepared Pt/SiO 2 control catalyst according to our previously published procedure, which contained 2.9 nm Pt nanoparticles supported on the surface of the silica spheres. 32 An 8.5% conversion of ethylene was obtained over the control catalyst.
When another linear but bigger molecule, 1-hexene, was used as the reactant, the conversion decreased to 13.4% on 10.7%Pt@ UiO-66-NH 2 (corresponding to ∼30% decrease). As the comparison, the conversion was maintained at 9.0% on the control catalyst. However, when 1,3-cyclooctadiene (COD) was utilized, the conversion dropped dramatically to 1.6% on 10.7%Pt@UiO-66-NH 2 but still remained at 12.4% on the control catalyst. The apparent trend of hindered conversion of bigger molecules on Pt@UiO-66-NH 2 catalysts confirms that the Pt NCs are mostly confined in the cavities of the MOF, consistent with the TEM results. It is worth noting that the activity of the Pt@UiO-66-NH 2 catalyst is almost completely inhibited in COD hydrogenation, because the size of the reactant molecule (6.7 × 6.2 × 4.2 Å) is slightly larger than the window size of UiO-66-NH 2 (ca. 6 Å).
3.3. Chemoselective Hydrogenation of Cinnamaldehyde to Cinnamyl Alcohol. The benefit of embedding Pt NCs in the MOF cavities was demonstrated by carrying out the chemoselective hydrogenation of cinnamaldehyde, as shown in Scheme 1. This reaction has been widely investigated in literature. Various heterogeneous and homogeneous catalysts, particularly noble metals including Os, Pt, Pd, Ru, Rh, Ir, and Au were found to be active for this reaction. 45−53 As shown in Scheme 1, the CO hydrogenation product, unsaturated alcohol (cinnamyl alcohol) is industrially desired. However, low selectivity was usually observed for cinnamyl alcohol, because the CC hydrogenation is more thermodynamically favorable than CO hydrogenation. In particular, when carbonsupported platinum was used as the catalyst, the selectivity to cinnamyl alcohol was found to be 33%. 45 Various factors, e.g., particle size, additives, supports, and ligands, were found to dramatically influence the activity and selectivity in cinnamaldehyde hydrogenation. For example, the addition of bases could promote both the activity and the selectivity to cinnamyl alcohol. 54 Among those factors, steric effects imposed by pore/ channel were proposed to enhance the selectivity in the case of Pt nanoparticle confined in microporous zeolite cavities. 55, 56 With Pt NCs confined in the cages of UiO-66-NH 2 , the access of the Pt NCs is strongly restricted by the 6 Å triangular windows that connect the tetrahedral and octahedral cages inside UiO-66-NH 2 . Due to the steric effect of this restriction, the CC in the middle of a long molecule (e.g., cinnamaldehyde) cannot easily adsorb onto the surface of Pt NCs compared to the CO at the end of the molecule. However, to the best of our knowledge, no studies have been reported on the selective hydrogenation of unsaturated aldehyde to unsaturated alcohol using the structure confinement effect of MOFs. For the first run, a 10.7%Pt@UiO-66-NH 2 catalyst gives 85.9% conversion of cinnamaldehyde and 87.9% selectivity to cinnamyl alcohol after 42 h. The catalyst was separated by centrifugation and reused for the next run without any washing or reactivation steps. As shown in Figure 7 , 10.7%Pt@UiO-66-NH 2 was used ten times without observing any sign of deactivation or decrease in cinnamyl alcohol selectivity. At the tenth run, we obtained 91.7% selectivity to cinnamyl alcohol at 98.7% conversion of cinnamaldehyde (44 h, Figure 7) . A total turnover number (TON) of 10 900 was obtained after these recycling runs.
We also carried out kinetic studies for the first 20 h in four recycle tests to further examine the catalyst stability. 57 As shown in Figure 8 , the conversion continues to increase with reaction time, reaching ∼52% after 20 h. The kinetic curves for the four recycle runs are almost overlapping with each other, which suggests the catalyst did not deactivate during these recycle runs. The selectivity to cinnamyl alcohol grows within the first 8 h, and is maintained at 90−92% afterward. Mass balance was calculated to be 96−104%, suggesting no significant reactant/products loss during recycle.
After the reaction, we conducted XRD and TEM measurements for the used catalyst. As shown in Figure S9 and S11 (Supporting Information), the respective XRD pattern and TEM images of the used catalyst do not show obvious changes compared with those of the fresh catalyst. After 10 recycle runs, some broad XRD peaks appear ( Figure S9 , Supporting Information), indicating a certain degree of loss in crystallinity of MOF. The surface area of the used catalysts was found to be 510 m 2 /g ( Figure S6 , Supporting Information), slightly lower than that of the fresh reduced sample (676 m 2 /g). The difference could come from residual reactants and/or products trapped in cages/channels in MOF or adsorbed on Pt metal surfaces. The microporous structure was maintained after the reaction, forming the basis for the recyclability of this catalyst.
We also performed a leaching test to examine if there are any homogeneous active species in solution that could catalyze the hydrogenation reaction. As shown in Figure S10 (Supporting Information), we did not observe any further conversion of cinnamaldehyde after we separated the solid catalyst from the reaction solution by centrifugation.
To further demonstrate the importance of the space confinement imposed by the porous structure of UiO-66-NH 2 , we compared the selectivity of the MOF-confined Pt NCs with a control catalyst prepared using polyol reduction (4.2 wt % Pt/UiO-66-NH 2 , outside, PVP). This control catalyst contained Pt NCs located on the external surface of the MOF, as evidenced by TEM images ( Figure S12 , Supporting Information). The particle size was measured to be 1.7 ± 0.2 nm, which is close to the particle size of Pt encaged in UiO-66-NH 2 (1.2 nm). Considerably lower selectivity of 71.6% at a conversion of 52.2% were observed for the control catalyst (2.0 mg of catalyst, 44 h, Table S1, Supporting Information). A commercial catalyst 5%Pt/C gave a selectivity of 71.9% with a 41.3% conversion (entry 7, Table S1, Supporting Information) at the same reaction condition. It has been well documented that bigger particles cause improved selectivity to unsaturated alcohol, due to the enhanced steric effect between bulky phenyl ring and flat Pt surface. 45 ,58 Considering the extremely small particle size of Pt particles confined in MOF cavities (1.2 nm), the enhanced selectivity is most likely to be caused by the steric effect imposed by the channels and/or windows of UiO-66-NH 2 . The very narrow channels of MOF will force the reactant molecule to adsorb on the encaged Pt particles via the CO group, thus hampering the adsorption of the CC bond. 55, 56 On the other hand, the pore wall, including functional ligands of the linkers, could affect the adsorption of product molecules on the Pt surface once formed. Density functional theory calculations have shown that desorption of product from Pt (111) surface is critical to control the selectivity to unsaturated alcohol in the hydrogenation of α,β-unsaturated aldehydes. 59, 60 4. CONCLUSIONS We have demonstrated a simple but powerful way to achieve 10.7 wt % of monodisperse ultrasmall Pt NCs inside UiO-66- NH 2 . The size of those observed Pt NCs matches the dimension of the octahedral cavities in UiO-66-NH 2 , which indicates that the cavities restrict the growth of Pt NCs and these Pt NCs are confined inside the cavities of the MOF. The confinement of Pt NCs inside the cavities of UiO-66-NH 2 was further confirmed by TEM observations under tilting, and by measuring their activity in the hydrogenation of ethylene, 1-hexene, and 1,3-cyclooctadiene. The benefit of confining Pt NCs inside the cavities of UiO-66-NH 2 is demonstrated by their more than 90% chemoselectivity to cinnamyl alcohol in the hydrogenation of cinnamaldhyde. Pt NCs supported on the external surface of the MOF give less than 72% selectivity to cinnamyl alcohol. More importantly, the MOF-confined Pt NCs are very stable under the condition used for cinnamaldehyde hydrogenation. The catalyst can be reused 10 times without any loss in activity and selectivity. We also carried out reaction kinetic studies on the MOF-confined Pt NCs in cinnamaldehyde hydrogenation and confirmed the catalyst stability during recycle runs. The stability of the MOF structure and Pt NCs are confirmed by measuring the XRD patterns and TEM images of used catalysts.
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